Introduction 54
The cervical vagus nerve provides an entry point for modulating both visceral organ function and 55 much of the brain. The human cervical vagus contains a complex mixture of sensory afferents 56 that project to the nucleus tractus solitarius, which projects to diffuse regions of the brain 57 (Altschuler et al., 1989 ; Kalia & Mesulam, 1980) , preganglionic parasympathetic efferents 58
projecting to the visceral organs (Agostoni et al., 1957; Foley & DuBois, 1937; Hoffman & 59 Schnitzlein, 1961; Mei et al., 1980) , and somatic motor efferents projecting to muscles of the neck. 60
Therapeutic vagus nerve stimulation (VNS) with implanted electrodes has grown over recent 61 years for diverse conditions from epilepsy to heart failure ( Group, 1995 ). These side effects can limit tolerable stimulation 67 amplitudes to below effective therapeutic levels. In an early study of VNS for epilepsy in humans, 68
patients were unable to tolerate stimulation amplitudes higher than 1.3 mA on average using a 69 500 µs pulse width at 30 Hz (A. Handforth et al., 1998) . Similarly the average tolerable amplitude 70 was 1.2 mA using a 300 µs pulse width at 20 Hz in a recent clinical trial, with only 12% of patients 71 experienced targeted VNS-evoked heart rate changes 1 year post-implant (De Ferrari et al., 72 2017). 73
To guide efforts to minimize VNS therapy limiting side effects, we isolated the neuroanatomical 74 pathways responsible for VNS-induced neck muscle contraction using the FDA approved bipolar 75 helical clinical lead from LivaNova. We also characterized the dose response curves for unwanted 76 neck muscle activation in comparison to activation of nerve fiber types within the cervical vagus 77
and stimulation induced changes in heart rate. We hypothesized that activation of efferent A-type 78 motor nerve fibers within or near the vagus nerve were causing neck muscle contraction in 79 response to VNS, as opposed to direct electrical activation of the muscles. As the vagus has 80 multiple somatic branches, we hypothesized that cervical VNS would 1) activate motor fibers in 81 the cervical vagus trunk within the cuff electrodes that eventually bifurcate into the recurrent 82 laryngeal branch of the vagus at low amplitudes, and 2) activate the motor fibers in the nearby 83 superior laryngeal branch of the vagus 'en passant' at higher amplitudes (Settell et al., 2019) . 84
To test these hypotheses, anesthetized domestic pigs were acutely stimulated with the bipolar 85 helical lead used for clinical VNS in an intact state, under neuromuscular junction block, and after 86 dissections of the recurrent and superior laryngeal branches. The domestic pig was chosen due 87 to its anatomical similarities to human (Ding et al., 2012; Settell et al., 2019) . Electromyography 88 (EMG) recordings of the terminal neck muscles of the recurrent/superior laryngeal branches under 89 each condition were obtained. Simultaneously, longitudinal intrafascicular electrode (LIFE) 90 recordings were obtained from electrodes sewn into the cervical vagus nerve. Dose response 91 curves for EMG and LIFE electrode recordings during VNS were directly compared to dose 92 response curves for stimulation induced reductions in heart rate (bradycardia). 93
By identifying the neuroanatomical pathways responsible for off-target effects, we hope these 94
data can guide new strategies to avoid these unwanted effects to maximize intended therapeutic 95 effect. We also provide the first comprehensive dataset in an animal model with the most similar 96 vagus nerve size and anatomy to humans (Settell et al., 2019) using an unmodified and unscaled 97 helical clinical lead. 98 99 Methods 100
All animal care and procedures were approved by the Institutional Animal Care and Use 101
Committee of Mayo Clinic. Twelve domestic pigs were included in the study: seven male pigs, 102 weighing 37.7 ± 2.3 kg (mean ± standard deviation, SD) and five female pigs weighing 38.3 ± 3.9 103 kg. All procedures described were performed on either the left or right vagus nerve, and only one 104 side per animal. All procedures were performed in an acute terminal study lasting between 10 105 and 12 hours. 106
Anesthesia and Surgical Procedure 107
All animals were sedated using an intramuscular injection of telazol (6 mg/kg), xylazine (2 mg/kg), 108
and glycopyrrolate (0.006 mg/kg), then intubated and anesthetized using isoflurane (1.5-3% 109 isoflurane in room air). Saline (0.9%) was administered continuously with analgesia (fentanyl, 5 110 µg/kg bolus i.v., followed by 5 µg/kg/hr in saline drip). Heart rate, respiration, blood pressure, and 111 end-tidal CO2 were used to assess depth of anesthesia, and isoflurane dosage was adjusted as 112 needed. Animals were euthanized using pentobarbital (100 mg/kg i.v.). 113
Pigs were positioned in supine position with neck extended, and a single incision was made 114 through the skin and superficial fat layers between the mandible and sternal notch using a cautery. 115
Blunt dissection was used to expose the carotid sheath and to isolate the vagus nerve from the 116 carotid artery. Care was taken to avoid perturbation of the vagus nerve, while other structures 117 were pulled away from the vagus nerve using vessel loops. The surgical window was kept open 118 throughout the procedure. Pooled liquid in the surgical window was removed periodically, and 119 saline was sprayed evenly through the window to keep all structures moist. 120
Electrode Types and Surgical Placement 121
The placement of electrodes in a typical surgical window is shown in Figure 1 Science Tools, Foster City, CA) was attached to one end of the platinum wire by threading the 138 wire through the needle eyelet and twisting the wire, and an insulated copper extension wire with 139 touchproof connector (441 connector with wire, Plastics1, Roanoke, VA) was soldered to the other 140 end. The needle was used to introduce each LIFE into the vagus nerve, and the needle was 141 removed prior to recordings. Three to five LIFEs were implanted per animal in a staggered cluster 142 ( Figure 1a ) where the center LIFE was 8.6 ± 1.1 cm caudal to the location of the center of the 143 cranial stimulation electrode contact. Placement of the LIFEs was staggered to prevent exact 144 matching of ENG signal latencies, which could cause the target neural signal to be lost during 145 differential subtraction. 146 All LIFE and EMG recordings, as well as stimulations, were performed using a Tucker Davis 158
Technologies system (Alachua, FL; W8, IZ2MH, RZ5D, RZ6, PZ5, and S-Box units). These 159 recordings were collected continuously (24,414 Hz sampling rate, 10,986 Hz anti-aliasing, unity 160 gain) before, during, and after application of each stimulation pulse. One of the LIFEs was used 161
as the reference electrode for all electrophysiology recordings. 162
Heart rate (HR) and blood pressure were monitored using a pressure catheter (Millar Inc, 163 Houston, TX, Model #SPR-350S) placed into the femoral artery, then digitized and saved using a 164
PowerLab and Bridge Amplifier (ADInstruments, Sydney, Australia Parent & Carpenter, 1996) . Aα-fibers are not reported 195 here since the short expected latencies (<1 ms) of these fibers were coincident with the 196 stimulation artifact and could not be directly measured. Aα-fibers are larger diameter than fibers, and thus have lower stimulation thresholds; therefore, we made the assumption that 198 measurement of ENGs with post-stimulus latencies consistent with Aβ-fibers was an indication of 199
Aα-fiber activation at a lower threshold. Aδand B-fibers have overlapping conduction velocities 200 and were therefore treated as one combined neural response (Aδ/B). C-fiber components were 201 not evident in any of our recordings with one possible exception (discussed later). For most 202 animals, two EMG responses occurred with distinct stimulation thresholds and distinct latencies. 203
The peak of the first major deflection was used to calculate the latency for each response. Data 204
is presented comparing the left and right vagus responses, as well as between male and female 205 animals, but no statistical comparisons were made due to relatively low number of animals in 206 each group (12 total pigs, 5 left side vs 7 right side, 5 female vs 7 male). A summary of all data 207 points is available in Figure 6 and Supplementary Figure 4 . 208
Heart rate data was first smoothed (smooth Matlab function) by 1000 data points. Baseline was 209 calculated as the median of the 30 seconds of data prior to stimulation. The change in heart rate 210 was calculated as the median of the 2 data points before and after the peak deflection (5 data 211 points) subtracted from the baseline. See Supplementary Figure 5 for an example heart rate 212 deflection during stimulation. Heart rate was also monitored in real time during every experiment, 213
and real time monitored changes were used for heart rate measurements in the case of excessive 214 noise in digitally collected heart rate. Threshold for heart rate change was defined as the first 215 stimulation amplitude that produced a 3 beat per minute change and subsequent recovery, where 216 the next highest stimulation amplitude also produced at least a 3 beat per minute change. 217
The raw data, experiment notes, Matlab code used to process all data with documentation, and 218
Matlab figure files can be found on the SPARC Data & Resource Center (RRID:SCR_017041). 219 along the ventral and lateral edge of the vagus nerve to maintain orientation. The nerve was 228 sampled from just cranial to the nodose ganglion to just caudal to the recurrent laryngeal 229 bifurcation, thus including the region of nerve where the stimulating electrode contacts were 230 placed. The samples were placed in 10% neutral buffered formalin for ~24 hr at 4°C. Samples 231 underwent a series of standard processing steps as previously described (Settell et al. 2020 ). 232
Each sample was then embedded in paraffin wax and allowed to set. The block was placed into 233 an ice water bath for approximately one hour to rehydrate the tissue. The block was cut into 5 μm 234 sections using a Leica Biosystems Rotary Microtome (Buffalo Grove, Illinois) and stained using 235
Gomori's trichrome. Slides were imaged using a Motic Slide Scanner (Motic North America, 236
Richmond, British Columbia) at 20x. 237 238 239
Results 240
Two known principles guided the formulation of our hypotheses for the neuroanatomical pathways 241 most likely to cause neck muscle activation during VNS. First, the thresholds for direct activation 242 of denervated muscle fibers are much higher than for activation of large diameter myelinated 243 motor nerve fibers innervating those muscles (Mortimer, 1981) . Second, the electric field from an 244 electrode source decreases rapidly with distance from the electrode (Plonsey & Barr, 1995) . 245
These principles combined suggest that the likely sources for off-target neck muscle activation 246 are easily activated large diameter motor fibers either within the cervical vagus itself, or large 247 diameter motor fibers located near the placement of the helical epineural cuff on the cervical 248 vagus. 249
It is well known that a subset of motor fibers within the cervical vagus eventually bifurcate into the 250 recurrent laryngeal branch (RL) of the vagus and terminate in the cricoarytenoid muscle of the 251 neck. The motor fibers of the superior laryngeal branch (SL) bifurcate from the cervical vagus 252 cranial to the standard VNS electrode placement to terminate in the cricothyroid and 253 cricoarytenoid muscles in both humans and pigs (Settell et al., 2019) . The distance between the 254 placement of the center of the cranial contact and the superior laryngeal bifurcation was on 255 average 0.49 ± 0.24 cm across the pig cohort, and the distance between the center of the caudal 256 contact and the superior laryngeal bifurcation was 1.14 ± 0.21 cm. Consequently, the SL was the 257 closest source of motor fibers that could potentially be activated by current leakage escaping the 258 helical epinural cuff. Hence we hypothesized that the motor fibers within the cervical vagus that 259 become the RL would be activated at very low thresholds, as these are located within the 260 epineural cuff. At higher amplitudes, we hypothesized that current leakage escaping the insulation 261 would activate the motor fibers of the nearby SL. 262
Neuromuscular Junction Blockade to Identify Signals Caused by Muscle Contraction in ENG 263 and EMG Recordings 264
Previous studies have shown that neural recordings of evoked compound action potentials 265 (CAPs) taken using epineural cuffs placed on the vagus can be contaminated by the activation of 266 nearby muscles. To assess this possibility for intrafascicular electrodes sewn into the cervical 267 vagus, VNS dose response curves were obtained in each animal before and after the 268 administration of neuromuscular junction blockade (See Figure 3 ). Direct 'myogenic' activation 269 of muscle fibers caused by current leakage outside of the epineural cuff electrode should be 270 instantaneous and therefore overlap temporally with the stimulus artifact in the EMG recordings. 271
In contrast, activation of motor nerve fibers innervating muscle would result in a delay before the 272 EMG response. This delay is the sum of the time it takes for the action potential generated at a 273 specific point in the motor nerve to the neuromuscular junction with its terminal muscle, and the 274 inherent delay at the neuromuscular junction before fiber activation (Katz & Miledi, 1965 ). 275
At low levels of stimulation, a long latency response was consistently evident in EMG recordings 276 from the cricothyroid muscle across the cohort (8.4 ± 1.9 ms after the stimulus artifact, see Figure  277 3 top for a representative example, see supplementary table 1 for summary of measurements in 278 all animals). This long-latency delay indicates that the initial cricothyroid muscle response was 279 caused by the activation of motor nerve fibers that traversed a long distance prior to reaching their 280 terminal muscle. Across the cohort, the average distance from the epineural cuff to the recurrent 281 laryngeal branch summed with the average distance from the recurrent laryngeal branch to the 282 cricothyroid muscle was 27.9 ± 6.8 cm. Erlanger Figure 6 ). Summing these two delays, the range becomes 6.62- Erlanger/Gasser scale (Erlanger & Gasser, 1937) . 297
At high levels of stimulation, a shorter latency response of 4.9 ± 0.8 ms was in EMG recordings. 298
This shorter latency delay indicates that a new motor nerve fiber pathway was recruited that was 299 shorter distance from the point of action potential initiation to terminal neck muscle. Across the 300 cohort, the distance from the branching point of superior laryngeal to the cricothyroid muscle was 301
3.0 ± 0.5 cm. Using the same line of reasoning as the long latency EMG component, the action 302 potentials produced in motor Aα-fibers within the superior laryngeal branch will reach the 303 cricothyroid muscle in 0.26-0.37 ms. Summed with the neuromuscular junction delay of 4 ms, the 304 expected latency would be 4.66-4.77 ms which again overlaps the experimentally obtained 4.1-305 5.7 ms latency. A response with identical short latency was also observed in the LIFE recordings 306 obtained without neuromuscular junction blockade (Figure 3a top row), but was eliminated after 307 administration of neuromuscular junction blockade, confirming this response as EMG artifact 308 (Figure 3b top row). This shorter latency EMG artifact in the LIFE recordings could easily be 309 confused with an Aγ-fiber neural response based on latency if using the Erlanger/Gasser scale 310 (Erlanger & Gasser, 1937) . 311 Neuromuscular blockade either eliminated or greatly reduced all EMG responses, as well as the 312 corresponding EMG artifact in the LIFE electrode recordings (n = 7 pigs); aggregate data for all 313 animals can be found in Supplementary Figure 1 . It is important to note that although 314 measurements of Aγ, Aδ and B fiber responses in the intact recordings were contaminated by the 315 EMG artifact, the Aβ response in both the intact and neuromuscular junction blockade conditions 316 was unchanged. These data suggest that the dose response curve for Aβ activation, taken via 317 LIFE electrode recordings, were uncontaminated by EMG artifact in the intact state. 
Transection of Somatic Vagus Nerve Branches and the Vagus Trunk to Verify Origins of ENG 329
and EMG 330
After dose response curves were obtained in both the intact state and after neuromuscular 331 junction blockade, a subset of stimulation amplitudes were repeated in the intact state (post-332 vecuronium drip) to establish baseline EMG responses immediately before transection of the RL 333 and SL branches was performed. These transections were performed to confirm the RL and SL 334 branches were required for activation of the cricothyroid and cricoarytenoid muscles by VNS. 335
Afterwards, the vagus trunk between the bipolar electrode contacts and LIFEs was also 336 transected to determine whether the recorded ENG signals were indeed compound action 337 potentials evoked by VNS, as opposed to additional unanticipated sources of artifact. 338
Example ENG and EMG traces before and after the somatic branch transections are shown in 339 Figure 4b . In animals that exhibited a long-latency EMG response and underwent transection of 340 the recurrent laryngeal branch (RLT)(n=9), RLT eliminated the long-latency EMG response in 341 every case (see Supplementary Figure 2 ). This demonstrates that activation of the cricoarytenoid 342 muscle at low amplitudes was caused by activation of the motor fibers within the stimulation 343 electrode cuff that eventually bifurcate into the recurrent laryngeal branch and innervate the 344 cricoarytenoid muscle. Similarly, in animals that exhibited a short-latency EMG response and 345 underwent transection of the superior laryngeal branch (SLT)(n=8), SLT eliminated the short-346 latency EMG response in every case (see Supplementary Figure 2 ). This demonstrates that 347 activation of the cricoarytenoid and cricothyroid muscles at higher amplitudes was caused by 348 activation of the motor fibers outside the stimulation electrode cuff within the nearby superior 349 laryngeal branch which innervates both the cricoarytenoid and cricothyroid muscles. Paired colored arrows highlight components of the signal that changed before and after each 378 transection. 379
Stimulation Current Response Curves to Identify ENG and EMG Thresholds for Each Fiber 380
Type 381
To determine the stimulation threshold for each ENG and EMG response, stimulation-triggered 382 median traces were stacked across stimulation amplitudes to visualize changes in evoked 383 responses (Figure 5a and 5b) . For the example in Figure 5 , automatic calculation of the rectified 384 area under the curve for each ENG and EMG component within each latency range (i.e., fiber 385 type or EMG component) was used to construct dose-response curves for Aβ-and Aδ/B-fibers 386 (Figure 5c and 5d ), as well as long-component and short-component EMGs (Figure 5e and 5f ). 387
Visual inspection of Figure 5a suggests thresholds of ~300, 750, and 2000 µA for activation of 388
Aβ-, Aγ-, and Aδ/B-fibers, respectively, for this example animal. Given temporal overlap of Aβ 389 signals with the larger stimulation artifact, and overlap of Aγ signals with the larger Aβ signals, 390 automatic calculation of amplitude and subsequent determination of threshold was challenging in 391 multiple animals. We therefore used visual identification to produce the data found in Figure 6  392 and Supplementary Table 1 after generating plots similar to Figure 5a and 5b for ENGs and EMGs 393 in all animals ( Supplementary Figure 3) . 394 395 396
Figure 5: Stimulation Dose-Response Curves and Determination of Stimulation Amplitude 397
Threshold for each Fiber Type in a Representative Animal. EMG recordings were taken 398 before neuromuscular blockade, ENG recordings were taken in the same animal during 399 neuromuscular blockade. a) All stimulation-triggered median ENGs for a representative animal. 
Comparison of Thresholds for EMG vs. Activation of Nerve Fiber Types 408
The first observable ENG component had a latency consistent with Aβ-fibers and a threshold of 409 300 ± 122 µA. This is substantially lower than the threshold for ENGs with conduction velocities 410 most consistent with parasympathetic efferents (B-fibers) and/or mechanoreceptor afferents 411 (Aδ-fibers) which was 1677 ± 289 µA. Aβ-fiber activation was observed in all animals, while 412
Aδ/B-responses were only observed in 3 of 13 animals despite the use of stimulation amplitudes 413 over twice the average clinically tolerable amplitudes (up to 3 mA vs 1.2-1.3 mA). Consistent 414 with our assumption that the threshold measurement of Aβ-fibers was an indication of Aα-fiber 415 activation at a lower threshold, the threshold for the long-latency EMG (295 ± 180 µA) was 416 slightly lower than the Aβ threshold. The short-latency EMG previously demonstrated to be 417 caused by the activation of the SL branch had a higher threshold (1472 uA ± 643 uA). A higher 418 threshold for SL fibers was expected as the SL is located outside the epineural cuff and 419 activated by current leakage outside the cuff. The thresholds for activation of Aβ-fibers and the 420 long-latency EMG response were generally lower than those thresholds for responses of fiber 421 types associated with desired therapeutic effects, i.e., activation of Aδ/B-fibers ( Figure 6 ). 422
Comparison of Thresholds for Stimulation Induced Decreases in Heart Rate 423
Similar to the frequency of observed Aδ/B fiber responses across the cohort, a bradycardic effect 424
was observed in only six of twelve animals. Notably, the subset of animals in which a bradycardic 425 effect was observed only partially overlapped with the animals in which an Aδ/B fiber response 426
was also detected. The threshold for the bradycardia effect was 1583 ± 1021 µA, which was 427 similar to the average threshold for Aδ/B-fibers across the cohort (See Supplementary Table 1 ). 428
Interestingly, the bradycardia effect had a lower threshold than the Aδ/B-threshold in some 429 animals, while in others a higher threshold ( Supplementary Table 1 ). Across the 6 animals in 430 which a bradycardic response to VNS was noted, the average threshold for induced bradycardia 431
(1.6 mA) was higher than reported tolerable clinical averages (1. 
Comparisons of Vagus Side, Animal Sex, and Stimulus Polarity 434
Additional analyses were performed to compare ENG and EMG thresholds based on vagus side, 435
animal sex, and stimulus polarity, as well as EMG latencies. Stimulation thresholds for every 436 response except HR were similar between left and right VNS (Figure 6a ). However, absolute 437 differences in HR should be interpreted with caution given that isoflurane concentrations were not 438 controlled across animals (see Discussion). No Aδ/B-fiber responses were observed in left side 439 VNS experiments (Figure 6a) . Unsurprisingly, the long-latency EMG signal had a shorter latency 440 for right side VNS (Figure 6b ) given the right recurrent laryngeal branches more craniallyand is 441 thus a shorter path for motor efferents to travelthan the left recurrent laryngeal (Settell et al., 442 2019). Thresholds and latencies for every response except HR were similar between male and 443 female pigs (Supplemental Figure 5 ). Stimulation thresholds for Aβ and EMG responses were 444 almost identical between cathode cranial and cathode caudal configurations (Figure 6c ); Aγ and 445
Aδ/B responses were not compared since responses following neuromuscular blockade and 446
following nerve branch transections were not collected for most cathode caudal datasets, and 447 thus may contain motor-evoked potential artifacts at the same latencies as Aγ and Aδ/B 448 responses. combinations thereof (Vuckovic et al., 2008) . Finite element modeling studies also suggest that 472 unintended collateral activation of the nearby superior laryngeal nerve, exterior to the vagus nerve 473
at the stimulation site, may contribute to off-target effects (Arle et al., 2016) . However, prior to the 474 current data, the mechanism of off-target muscle activation had not been carefully verified in a 475 large animal model using an unmodified LivaNova clinical lead. 476
Somatic fibers within the cuff that eventually branch off into the recurrent laryngeal branch were 477 consistently activated across animals at low amplitudes (0.300 ± 0.122 mA). The threshold for the 478 long latency EMG component via the recurrent laryngeal branch was similar (0.295 ± 0.180 mA). 479
Notably, these stimulation levels are much lower than the average tolerable stimulation 480 amplitudes used clinically (1.2-1.3 mA given similar pulse width) (De Ferrari et al., 2017; A. 481 Handforth et al., 1998) . These data suggest that while the activation of the recurrent laryngeal 482 fibers leads to contraction of neck muscles, these contractions do not manifest as the intolerable 483 side effects observed in patients undergoing VNS. However, as human subjects are often 'ramped 484
up' slowly over the course of several weeks following initial programming to get to higher tolerable 485 current settings, it is unclear how habituation over time would impact these evoked EMG 486
measures. 487
In contrast, activation of the somatic fibers within the nearby superior laryngeal branch of the 488 vagus due to current leakage from the cuff is more consistent with the tolerable limits to VNS 489 found in human studies. Initial activation of the cricoarytenoid and cricothyroid muscles through 490 this pathway was often not observed until 0.75 mA and sometimes did not saturate at our 491 maximally applied amplitude of 3 mA, which is more than double tolerable levels in human studies. 492
It should be noted that the LivaNova helical cuff design has relatively little insulation between the 493 edge of each electrode and the edge of the insulating backer (~1 mm) along the length of the 494 nerve, and consequently may not prevent current leakage as effectively as more extensive 495 epineural cuff designs such as those used in Biocontrol's Cardiofit human studies (De Ferrari et  496 al., 2017). 497
The goal of this study was to identify the anatomical sources of off-target muscle activation using 498 the most common FDA-approved clinical electrode in a pig animal model best matching the known 499 diameter of the human cervical vagus, at frequencies commonly used to induce changes in 500 sympathetic/parasympathetic tone. This is in contrast to studies using a similar bipolar spiral cuff 501 design in canines with single stimulation pulses that did not include cardiac responses (Yoo et al., 502 2013) ; in comparison to the human cervical vagus, the canine model is notably smaller diameter, 503 has many fewer fascicles, and has a thicker epineurium that increases the distance from the 504 epineural electrodes to the most superficial fibers. As the epineurium is thinner in pigs and 505 humans than in dogs and thus the most superficial fibers are closer to the electrode, one would 506 anticipate that the thresholds for first observable fiber activation to be lower than in canine studies. 507
Consistent with this hypothesis, the threshold for activation of large diameter A-fibers in the vagal 508 trunks of pigs was smaller (0.3 ± 0.12 mA, 200 µs pulse width) than the threshold found in a 509 canine study (0.37 ± 0.18 mA, 300 µs pulse width) (Yoo et al., 2013) . This canine study also used 510 monophasic instead of biphasic stimulation, which should lower the thresholds for activation in 511 comparison to our pig study (Merrill et al., 2005) . Similarly, the threshold for the EMG component 512 appearing at the lowest stimulation amplitude in pigs was also found to be smaller (0.3 ± 0.18 mA, 513
200 µs pulse width) than the threshold in canines (0.36 ± 0.17 mA, 300 µs pulse width). It should 514 also be noted in three of the five dogs tested from Yoo et al. 2013 , a notable artifact in the 515 electroneurogram recordings was observed with a short post-stimulus latency signal (3 to 5 ms), 516 similar to the response caused by neck muscle contraction via neurotransmission along the 517 superior laryngeal branch in our pigs. As this response in canines had a short post-stimulus 518 latency and was eliminated following the administration of a neuromuscular blocking agent, the 519 authors hypothesized this component was not related to the activation of the recurrent laryngeal 520 branch. Instead, they proposed this artifact was caused by current spread from the stimulating 521 electrode to a different, unidentified myogenic source (Yoo et al., 2013) . 522
Several important vagus nerve stimulation studies were previously performed in Yorkshire female 523 pigs much larger than those used in our present study (~100 kg) (M Tosato et al., 2007; Marco 524 Tosato et al., 2006) . In these studies, homemade tripolar electrodes were used for stimulation; 525 tripolar stimulation theoretically should increase the rate at which the magnitude of the electric 526 field would decrease with distance from the electrode in comparison to a bipolar configuration, 527
depending on separation between cathode and anodes. However, as the focus of the Struijk 528 studies was to explore closed loop paradigms and novel stimulation pulse strategies using single 529 pulses, data were not collected in such a way that threshold and saturation for A-fiber activation 530 or heart rate responses could be directly compared to our study. Similarly, our results indicate that the threshold for activation of Aδ-or B-fibers was 1.67 ± 0.29 536 mA (200 µs pulse width). In these prior studies, C-fiber activation was observed only at stimulation 537 parameters well beyond levels that are tolerable by human patients (17 ± 7.6 mA with 300 µs 538 pulse width in Yoo et al. 2013 ; seen only in two cases by Tosato et al. 2006 at ≥6 mA with 600 µs 539 pulse width). C-fiber activation was not observed in our study 1 , unsurprisingly as 3 mA was the 540 maximal stimulation used. We observed extensive concurrent activation of the neck muscles, 541 which tended to cause electrodes to be displaced from tissue, at amplitudes larger than 3 mA. 542
Considering the previous work exploring higher amplitudesand the lack of clinical relevance in 543
exploring these values due to generation of intolerable side effectswe concluded that there was 544 limited benefit to exploring higher current amplitudes. 545
The aggregate data across these studies are difficult to reconcile with epineural cuff recordings 546 performed during human VNS surgery (Evans et al., 2004) , which observed evoked compound 547 action potential components with a conduction latency consistent with C-fibers. This putative C-548 fiber component was observed within 10 ms of stimulation, and in two of the patients the "C-fiber" 549 was apparent at the lowest stimulus setting used (0.2 mA, 200 µs pulse width) (Evans et al., 550 2004 ). C-fiber responses were reported in all patients, despite the maximal applied amplitude of 551 3 mA with a pulse width of 200 to 500 µs. As this study was performed opportunistically during 552 human VNS implantation, understandably neither pharmacological muscle block nor transection 553 of the vagus somatic branches was performed to exclude motor-evoked muscle potentials 554 contaminating the ENG recordings. Data from the canine study in which pharmacological 555 neuromuscular junction blockade was performed (Yoo et al., 2013) , and our present study 556 sequentially transecting the recurrent laryngeal and superior laryngeal branches, strongly suggest 557 that this response in the human patients was EMG artifact rather than ENG from C-fibers. We 558
specifically show in our current study that long-latency EMG signal via the recurrent laryngeal 559 pathway can create long-latency artifacts in the ENG recordings. 560
Collectively, these results provide strong evidence that direct activation of C-fibers is unlikely to 561 be the source of VNS therapeutic effects ( implications for studies of VNS for plasticity such as the hypothesized vagal pathway to facilitate 581 learning that engages nucleus basalis, locus coeruleus, and other brain areas via the nucleus of 582 the solitary tract (Hays et al., 2013) . 583 584
Implications for Non-Invasive Stimulation of the Cervical Vagus 585
Our results demonstrate that the large diameter efferent fibers within the cervical vagus that 586 eventually become the recurrent laryngeal branch are activated at much lower thresholds than 587
Aδ-, B-, or C-fibers. Additionally, the motor efferent fibers within the nearby superior laryngeal 588 branch were activated near clinically tolerable levels. It is important to note that the superior 589 laryngeal branch of the vagus can form a ramus of communication with the ascending recurrent 590 laryngeal branch of the vagus nerve underneath or near the thyroid cartilage. This is under the 591 location of electrodes for non-invasive VNS, and the distal portions of the superior and recurrent 592 laryngeal branches are much more superficialcloser to the skin of the neckthan the trunk of 593 the cervical vagus nerve. 594
The use of tailored stimulation strategies such as anodal block, hyperpolarizing pre-pulses, and 684 guard anodes were proposed to change the ratio of activation between A-, B-, and C-fibers, with 685 some promising results in acute animal models (M Tosato et settings. However, these solutions may also be less suitable when scaling to more complex large 689 diameter nerves in the human or large animal model under chronic conditions. In general, as the 690 size of the nerve trunk increases, the distance from the electrode to the fibers of interest increases 691 and spans a larger range, and the thresholds for activation between cathodic or anodic leading 692 biphasic waveforms becomes difficult to distinguish. Consistent with this premise, both in prior 693 canine studies (Yoo et al., 2013) and in the present study, no obvious clinically relevant difference 694 was observed in the thresholds for activation when reversing the location of the cathode and 695
anode. 696 697
Conclusion 698
Side effects of VNS present a significant barrier to therapeutic outcomes in the clinic. To better 699
understand the source of these side effects, we stimulated the human-sized cervical vagus of 700 domestic pigs using the same bipolar helical lead used clinically. The cricoarytenoid muscle was 701 activated via motor fibers running within the cuff which eventually become part of the recurrent 702 laryngeal branch at very low thresholds (~0.3 mA). At higher levels of stimulation (~1.4 mA) 703
approaching clinically tolerable limits, current leakage outside of the cuff activated the motor fibers 704 in the nearby superior laryngeal branch, causing contraction of both the cricoarytenoid and 705 cricothyroid muscles. Stimulation at the average tolerable levels derived from clinical studies (~1.3 706 mA) was often insufficient to activate Aδand/or B-fibers and/or evoke bradycardia, and Aδ-/B-707 fiber activation and bradycardia were not observed in multiple animals despite stimulation 708 amplitudes as high as 3 mA. Our data also suggest that previously reported C-fiber recordings 709
were due to artifacts arising from EMGs elicited by activation of short-and long-latency motor 710 pathways through the superior and recurrent laryngeal branches of the vagus, respectively. 711
Collectively, these data suggest that the superior laryngeal branch of the vagus nerve may be an 712 anatomical landmark that should be avoided during VNS. Moreover, strategies to avoid the 713 therapy-limiting side effect, such as use of high density epineural electrodes to take better 714 advantage of functional organization within the cervical vagus, should be explored. In addition, 715 mechanisms of VNS that do not depend on direct activation of sensory afferents from the visceral 716 organs should be investigated with increased attention. 717 718
